Abstract Long-term production in commercial straw biogas plants has been rare in China due to inefficiencies in the logistics stream. Biomass densification could be a potential solution to this issue. Therefore, we conducted a study to evaluate whether biomass densification is a more efficient and sustainable option. We performed methane production experiments to investigate fermentation characteristics of briquettes (with a new pretreatment, model II) and rubs (with a common pretreatment, model I). A 3000-m 3 biogas plant was used to conduct a comparative analysis with solar eMergy joules. Results showed that the methane yield of briquettes of corn stover was 66.74% higher than that of rubs, and the briquettes had better digestion performance in terms of CH 4 content, VFA, and alcohol. The two models required almost the same eMergy investment input, while model II obtained a greater quantity of net eMergy (16.5% higher) in comparison with model I. The net eMergy yield ratio (EYR) (biogas only) of model I and model II was 0.99 and 1.67, respectively, showing less market competitiveness for commercial operations with model I. Meanwhile, the logistic costs of model II could be reduced to approximately US $34,514 annually.
Introduction
Anaerobic digestion is considered one of the most efficient ways to achieve comprehensive utilization of agricultural straw. However, preparation processes are typically not cost effective when straw is used as feedstock for biogas plants (Mussoline et al. 2013) . Straw piles are very low in bulk density, which results in high costs in collection, transportation, storage, and pretreatment (Luo et al. 2015; Mussoline et al. 2013; Kadam et al. 2000) . Reducing straw preparation costs (such as increasing the bulk density for easy storage) by optimizing the process for higher system efficiency has become a key goal for commercial straw biogas plants.
Currently, the logistics stream for feedstock of straw biogas plants (model I) mainly includes mechanical collection, storage, rubbing (or smashing), and feeding for biogas fermentation. There are two serious problems with model I. First, the seasonal collection of straw requires a large amount of area for long-term storage. Second, there is a great potential risk of fire. Biomass densification could be a possible solution to these problems. Li et al. reported that densified straw can be completely auto-swollen into water within 24 h, when used as the feedstock, and the sugar conversion rate can be improved at the same time, compared with the raw state (Li et al. 2014 ). This could be a promising approach to improving biogas production. In this study, we proposed that it is possible to modify the feedstock preparation model to an Luo Tao and Pan Junting contributed equally to this work and should be considered co-first authors. optimal model (model II), consisting of collecting, rubbing (smashing), briquetting, storing, and feeding straw for biogas fermentation.
Biomass collection and transportation methods, as well as different straw mechanical pretreatment technologies, have been thoroughly analyzed by previous researchers (Kocoloski et al. 2011; Zhang and Ma 2015; Zhao et al. 2010) . Nevertheless, these studies have rarely focused on the optimal straw storage process and the fermentation characteristics after condensing. To investigate the fermentation characteristics, paired observation was conducted on the biogas yield and fermentation performance of a corn stover that had been initially pretreated separately by rubbing and briquetting.
Based on the results, a 3000-m 3 straw biogas plant was studied with the two different preparation logistics stream models using a sustainable and environmental accounting methodology based on the renewable perspective. We assumed that processes with higher level renewable resource recovery were likely to be more sustainable than those with a lower level (Martin et al. 2006) .
The eMergy analysis methodology, developed by H. T. Odum, makes it possible to convert all of the inputs and outputs in a bio-methane production system into solar eMergy joules, which can help in analysis of problems in preparing feedstock with different amounts of energy. eMergy analysis is considered a practical method for assessing various downstream chains of products to identify the process with the larger percentage of renewable resources (Odum 1997; Brown and Ulgiati 2016) . Sustainability cannot be truly evaluated at any scale without consideration of boundary conditions. Nevertheless, eMergy analysis has many more advantages in comparison to conventional methods, such as Life Cycle Assessment (LCA), which has not been able to handle the diversity of resources and their use (Zhang et al. 2017; Blengini et al. 2011) . Abiotic depletion potential and surplus energy are only suited for non-renewable resources. Other methods, such as material flow analysis (MAF) and net energy analysis (NEA), have been developed to quantify reliance on the life cycle of natural resources. However, these methods could not capture and combine the quality differences between different resources.
Finally, we conducted an economic analysis to compare the economic performance of two straw preparation models. From a visual comparison, model II increases the financial input and the energy input of straw briquetting, and reduces the construction costs for the storage site and the costs of postmanagement and maintenance. Model I represents a comparatively complex process, as rubbing should be done before each feeding. In contrast, the feedstock only has to be prepared once overall in model II, thus reducing a lot of labor input.
With these results, it was possible to compare the costs and benefits for each of the two different options. From this, we could determine which of the preparation logistics streams (model I or model II) is better suited for the commercial operation of a straw biogas plant.
Materials and methods

Lab experimental design
To investigate the fermentation characteristics of briquetting biomass, anaerobic lab batch digestion tests were carried out in triplicate at 35°C for 30 d in a water bath according to the method described by Wang et al. (2012) . Each batch reactor had 1-L capacity and contained 500 mL of substrate. The initial volatile solid (VS) ratio of inoculums to substrate was kept at 2:1 for all of the experimental setups. The total solid content (TS) was 8% at setup.
The inoculum used in this study was obtained from a mesophilic anaerobic digester near Chengdu, China. The employed briquettes and rubs, and their corresponding raw materials in this work were collected from Heilongjiang province in northeast China, which mainly consisted of corn leaves and corn stalks, as shown in Fig. 1 .
The raw materials were pressed with a ring die briquette machine (9SYH-1200, WanGuo Bioenergy Technology Co., Ltd., Xuzhou, Jiangsu Province, China) with a working pressure of approximately 2600 kg cm -2 and a capability of approximately 1000-1600 kg h -1 . The resulting briquettes were cubes of approximately 30 9 30 mm in cross section, and 50-150 mm in length. The raw materials were rubbed to a size of 30-50 mm by an auger-type rubbing machine (9RS-600, Yike Industry Machinery Manufacturing Co., Ltd., Zhengzhou, Henan Province, China). The main characteristics of the substrates and the inoculum are shown in Table 1. TS, VS, total carbon, and total nitrogen were determined according to the Standard Methods for the Examination of Water and Wastewater (APHA 2005) . Biogas production was measured by the displacement of water. The volumes of biogas were normalized to the standard conditions (15°C, 101.325 K), and the methane (CH 4 ) contents in the biogas were analyzed with a gas analyzer (Gasboard-3200, Cubic, Wuhan, China).
Application analysis
Biogas plant system
The operating process of the plant could be divided into three different phases:
1. Feedstock preparation: collection, transportation, storage, and pretreatment; 2. Anaerobic digestion; 3. Disposal of biogas and bio-fertilizer. The managed biogas plant considered in this study is located in Henan, China. The mass flow rate of the feedstock rubbing biomass or briquetting biomass was about 120 t/d, and the effective volume of the digester was 3000 m 3 . TS content was fixed at about 8%, and mesophilic (35°C) was employed, with the biogas yields calculated according to the lab experiment results. The assumed feedstock was the same and was collected nearby. The system was run in the two models, as shown in Fig. 2 . Conventional rubbing devices cannot reduce the particle size of straw to meet the requirements of fine feedstock (less than 10 mm) for single-step manufacturing because of irregularities in powder size distribution (Lee and Mani 2017) , which pose feedstock clogging problems for continuous biogas production. Thus, multiple rubbings are needed to feed the rice straw into normal anaerobic digesters without densification, which could crush the straw to satisfy further pretreatment demands (Luo et al. 2015) .
The specific description of the feedstock preparation and parameters is presented in Table 2 . The main parameters were obtained from the biogas plants in Anyang city, Henan province, China.
EMergy analysis
EMergy analysis is a systematic analysis method capable of taking into account all of the inputs and outputs of the socioeconomic system, using the unit of solar eMergy joules (sej) (Sha et al. 2015) . In this study, eMergy analysis results were used to evaluate alternative models of biomass feedstock preparation, referring to their eMergy investment and eMergy recovery (benefits) (as reported in an analysis of net eMergy yield of bioenergy stations in a Beijing suburb) by establishing long-term sustainability and measuring contributions to global environmental stress (Hu et al. 2009; Wang et al. 2016b) . Figure 3 presents system eMergy diagrams of the biogas plant with different straw preparation models.
To convert all of the flows involved in the process into this common basis, conversion factors are used. The (solar) transformity is defined as the eMergy per unit flow or unit product. The different transformity on the energy content of each item was calculated by the energy from Hu et al. (2009) and Marchettini et al. (2007) , and the formulas from Odum (1997) . Various indicators were used for eMergy analysis. ''eMergy investment'' is useful in calculation of the environmental costs of treating the straw according to the given technologies. ''eMergy recovery'' measures how much eMergy has been saved using biogas and bio-fertilizer. The combination of these two indicators generates a net eMergy yield ratio (eMergy recovery/eMergy Fig. 1 The a rubs and b briquettes used in the corn stover for anaerobic digestion 
Rubbing and briquetting
Equipment depreciation charge, equipment maintenance, fuel costs, labor costs. This study used a 9RS-600 agitating and rubbing machine and 9JY-3000A type straw briquetting machine: 90 KW, 2000-3000 kg/h, Hebei Tiantai Biomass Development Co., Ltd., service life 5 years * The energy input of transportation was calculated as 0.06 L/(t km) 9 38.4434 MJ/L = 2.306 MJ/(t km) (Xing et al. 2008) . Since the arable land rate is 37.68% in China, the collection radius of the project was 2.35 km. In addition, because transportation does not follow a straight line, a flection factor was used. In view of the small quantity of straw collected, the collection radius was the transportation radius (Overend 1982; Kocoloski et al. 2011) investment, EYR) and net eMergy (eMergy recovery minus eMergy investment).
Results and discussion
Methane production characteristics Figure 4 shows the daily biogas production and cumulative biogas production during the 30-day tests. Three obvious peaks of daily methane production were observed during the digestion process, and this was similar to other research findings in relation to corn stovers (Pang et al. 2008) . Three days later, the first daily biogas production peaks appeared for both. At this point, the daily methane production reached 85.73 and 68.16 for briquettes and rubs, respectively. Daily methane production of rubs then tended to decrease during the following 5-6 days, and then resumed increasing, finally reaching the highest level of production. However, the methane production of briquettes increased Fig. 3 eMergy diagrams of the biogas plant with different biomass preparation models more consistently, quickly reaching a high biogas production rate with only one day of decrease. On days 6-14, the methane production rate of briquettes remained at a high level of more than 300 mL/d. Nevertheless, the similar period for rubs was only during days 9-11, and was 33.3% that of the briquettes. The highest daily methane production was observed on day 10, and the highest methane production rate was 489.75 mL/d for briquettes, which was higher than that of rubs by 19.61%.
Based on the cumulative biogas production at different stirring rates shown in Fig. 4b , briquetting was an important parameter for improving methane production with significantly higher cumulative biogas production than rubbing. Meanwhile, the methane yield of briquetting was 181.33 mL/g, 66.74% higher than that of rubbing. This was possibly caused by an increase in the degradation of straw, including cellulose, hemicellulose and lignin (Wang et al. 2016a) . Briquetting is a high pressure and high temperature process, and when the temperature is greater than 100°C, it promotes dissolution of lignin and improves biogas production (Amnuaycheewa et al. 2016 ). Figure 5a shows the methane content profile during the 30-day digestion. The methane content can be used to indicate whether the methanogens dominate the anaerobic digestion, and methane content in biogas is normally higher than 50% . For the two pretreatments, the methane contents both started to increase and reached normal levels at day 5. Subsequently, the methane content of the briquettes remained in the normal range, 50-60%. The trend of methane content was similar to the normal corn stover digestion described in previous studies (Shen et al. 2013) .
Anaerobic digestion process
Volatile fatty acids (VFAs) and alcohol production are considered the most important parameters of anaerobic digestion during the acidogenesis and acetogenesis steps because they control methanogenic populations, anaerobic digestion efficiency, and the buffering capacity of the substrate that ultimately accounts for methane generation (Zhu et al. 2010) . As Fig. 3b shows, during the entire experiment, the VFA concentrations were relatively low compared to the reported normal digestion level of 2880 mg/L (Lindorfer et al. 2008) . We assumed that inhibition was not reached, and the low VFA concentration was beneficial to steady methane production. Furthermore, maximum VFA for rubs was 920.85 mg/L, recorded on day 5, and for briquettes was 950.93 mg/L, recorded on day 10, at which point the daily methane production for rubs was nearly at the lowest level, as Fig. 2a shows. These results support the finding that VFA accumulation caused the least amount of methane production during the acidogenesis step since methanogens were restrained (Gomez-Tovar et al. 2012). For briquettes, daily methane production was at its highest level since methanogens occupied the main position, and VFAs could be degraded and rapidly converted into methane. These results also supported the role of VFAs in the highest methane production.
A similar trend for alcohol production is shown in Fig. 5b . Almost 100% alcohol stabilization was observed since it was readily consumed during the anaerobic digestion process. The highest levels of alcohol productions at 159.3 and 199.7 mg/L were recorded for rubs and briquettes, respectively. Alcohol production was also (a) Daily biogas production (b) Cumulative biogas production Time (d) Cumulatively methane production (mL) Time (d) Daily methane production (mL/d) Fig. 4 Biogas production in the lab experiment beneficial for methane production, as shown in a previous study of an untreated corn stover (Hassan et al. 2016) .
The above data and analysis proved that biomass briquetting could improve the stability of anaerobic digestion.
EMergy analysis
Investment and recovery
In Tables 3 and 4 , the results of the analysis performed on the two models for a 3000-m 3 biogas plant are presented with two similar anaerobic phases and one different one. The feedstock phases could be divided into three parts: straw collection, transportation, pretreatment (model I: rubbing; model II: rubbing and briquetting), and storage.
Analysis of the biogas plant shows that the feedstock preparation processes take the most important role in eMergy investment with almost no difference between the two models, requiring 52.4 and 52.5% of the total eMergy cost with model I and model II, respectively. For more detailed analysis, the straw collection, transportation, storage and pretreatment for rubs cost 50.4, 6.3, and 43.3% of the feedstock preparation investment, respectively, while for briquettes these elements cost 50.2, 6.3, and 43.5%, respectively. The most significant inputs of model I include rubbing labor and straw storage site costs, while that of model II includes the electricity used in making the briquettes. However, the eMergy requirements are almost equal for two main reasons. On the one hand, the densification process can obviously improve the efficiency of pretreatment in centralized processing and reduce eMergy input, while the pretreatment must be carried out before each feeding time with model I. On the other hand, the investment in the storage phase drops dramatically in terms of straw yard costs due to construction area demands and fire management requirements. Specifically, investment in fire control facilities will increase several times with increases in straw yard area because of higher critical fire ratings, as is required by Chinese national standards, ''Code of Design on Building Fire Protection and Prevention'' (GB50016-2014 2015).
As depicted above, a large part of the cost and area for straw storage can be saved with model II. In addition, the safety of storage and the methane yield of straw can also be improved. Transportation costs were low since trucks are the most feasible option in the feedstock preparation systems, and the transportation distance was not great when feedstock was nearby. It is clear that the costs of densification will drop sharply for long distance transportation, with large increases in the amount of biomass carried by each truck. The energy inputs of briquetting are still relatively high. Therefore, further work should focus on optimization of the pretreatment process, especially reducing the inputs of briquetting to obtain a more efficient logistic stream.
As Table 5 shows, eMergy recovery includes biogas and bio-fertilizer. The eMergy output from the biogas of model II is 67.5% higher than model I, about 4.19 9 10 17 sej/ year. Therefore, the eMergy input for briquetting is much more significantly efficient; furthermore, the output of biogas with model II meets the investment requirements, while it does not meet the investment requirements with model I. This study assumed that the rest of fermentation could be used completely, as the leachate could be recycled back to the digester. In that case, the major digestate of straw biogas plant is bio-sludge, and when it is used as biofertilizer, the nutrient contents are: N = 4.13%, P = 2.1%, K = 0.9%, and organic matter = 11.5% (Ge et al. 2014) . In fact, the quality of the final bio-fertilizer depends on the quality of the bio-slurry. The results from eMergy recovery (Table 5 ) clearly show that the organic part of the total bioslurry produced assumes the eMergy value of an equivalent amount of fertilizer, which is assumed to have the same content of P, K, and N.
Evaluation of the total eMergy
The results were reinforced by analysis of the EYR of the two models (Table 6 ). The indicators measure the benefit obtained with respect to the cost necessary to convert biomass. The EYRs show that the costs of the two models are lower than their benefits, so these models are both feasible. Nevertheless, eMergy output of the biogas plant with model II is higher than model I with the same amount of biomass inputs. It is also interesting to see that model II was able to save a greater quantity of net eMergy compared to model I, 16.5% higher. Therefore, model II is much more efficient in eMergy output.
The results depend on completely applying bio-slurry to farmland and using biogas and bio-fertilizer efficiently. However, in some cases, the consideration factor of output only includes biogas, as the bio-slurry cannot be accurately measured, so the EYR (biogas only) of model I was 0.99, less than 1. It was obvious that model I was less suited for the biogas plant, lacking market competitiveness with commercial operations (Huang et al. 2013 ).
Economic analysis
As stated above, it is more sustainable to apply biomass densification for biogas production. To clarify economic feasibility, a preliminary estimation of the logistic costs of the two models was investigated according to the different feedstock preparation flows. The local labor input is 29.3 $/day (8 h), and electricity price is about 0.123 $/(kW h). The cost estimation was evaluated based on this information, and the results are presented in Table 7 .
As indicated in Table 7 , the electricity input harvest cost will increase by 247.2% due to densification as briquetting is employed. However, the feedstock preparation cost will be reduced. Storage costs will be reduced by 92.5% due to sharp decreases in construction and fire-fighting equipment inputs. Meanwhile, labor costs can be reduced by 40.7% because of the increased efficiencies in the process. Overall the total logistic costs with model II could be reduced to approximately US $34,514 per year. As a result, we concluded that model II represents a feasible approach to apply biomass densification for logistic stream optimization. 
